Abstract: In today's technological era, electrical energy is one of the most vital forms of energy and is
Introduction
In today's world, electrical energy is unquestionably the most versatile and universally useful form of energy available. Electricity is only one of the many forms of energy used in industry, homes, businesses, and transportation. With increase in the industry, consumption of electrical energy has increased. As such, our lifestyles depend upon a reliable supply of electricity that is available whenever we need it. Because our electrical supply is fairly reliable, it is assumed that the lights will come on at the flip of a switch, that the refrigerator will keep food from spoiling, and that the air conditioner will keep homes and offices comfortable.
The electricity that we use is typically supplied via a network of transmission lines that carry the bulk of the power, and distribution lines that reach out to customer loads; like a house or industry. The majority of the distribution systems in most countries of the world operate in a radial topology in which there is a single source of power that feeds the loads connected downstream. The topology is very simple to understand and their protection schemes are well understood and work to protect loads and sources under fault conditions. However, over a period of years, loads connected on a particular distribution system keeps increasing as new neighborhoods or small industries are added to the system. This creates a situation where the normal operating current increases, resulting in a proportional increase in the fault current levels. This may lead to frequent power outages and ultimately customer dissatisfaction if corrective actions are not taken. High Temperature Super conductor Fault Current Limiter (FCL) is a revolutionary power system device that addresses the problems due to increased fault current levels. It is a device that mitigates prospective fault currents to a lower manageable level.
II. Literature Survey
Before the research and development of the fault current limiter, the main area of research was to break the circuit during fault in order to save the expensive equipment at power grids from large fault currents generated during fault. In order to handle large fault currents circuit breaker with large rating were developed. But the Problem with the circuit breakers is that they have a limited life period, and cannot break the circuit until the first current cycle goes to zero. The research and development of fault current limiters started many years ago. First the basic idea was to limit the fault current so it does not matter if the system is disconnected from supply. Many other methods were used, like air core reactors, basically it was a good approach but the only disadvantage was very high voltage drop in normal operation, for which volt-ampere reactive (VAR) compensation was required. The increase in the size of the system is the other disadvantage of this approach.
The specifications of the Fault Current Limiter and a description of the limiting behavior and the installation of the FCL are discussed in [1] . The FCL based on the Microprocessor/computer controlled method is discussed by M.M.A.Salama [2, 3] . It consists of an LC circuit tuned to minimum impedance at supply frequency and a thyristor controlled reactor as a shunt which is connected across the capacitor. The current is limited by varying the firing angle of the thyristor, due to which the circuit breaker and other protective systems can operate. The sensor and control circuits should operate accurately to detect the fault current. Fault Current Limiter reported in [4] is based on an electromagnetic circuit with iron core and adjustable air gap. Basically the impedance is much less during normal supply operation. During fault the forces produced by the fault current on the plunger causes the inductance of the device to increase, which limits the current during fault. The proper mechanical movement of the plunger is the main concern. Different approaches of limiting fault current by using PTC thermistors have been explained by Dougal [5] . The results show that the path is good enough to limit the fault current but at the same time the material characteristics need to be known in order for it to work efficiently.
ROLE OF FAULT CURRENT LIMITER
As mentioned earlier, the role of the FCL is to limit prospective fault current levels to a more manageable level without a significant impact on the distribution system. Consider a simple power system model, as shown in Figure 2 .1, consisting of a source with voltageV s , internal impedance Z s , load Z Load , and fault impedance Z fault . When fault occurs
Since the supply impedance Z s is much smaller than the load impedance, Equation (2.2) shows that the short circuiting of the load will substantially increase the current flow. However, if a FCL is placed in series, as shown in the modified circuit, Equation (2.3) will hold true
3) tells that, with an insertion of a FCL, the fault current will now be a function of not only the source Z s and fault impedance Z fault , but also the impedance of the FCL. Hence, for a given source voltage and increasing Z FCL will decrease the fault current I fault .
IDEAL FAULT CURRENT LIMITER CHARACTERISTICS
Before discussing any further, it is important that some of the ideal characteristics be laid out for an FCL. An ideal FCL should meet the following operational requirements [1, 7, 10 and 11] 1) Virtually inexistent during steady state. This implies almost zero voltage drop across the FCL itself 2) Detection of the fault current within the first cycle (less than 16.667ms for 60Hz and 20ms for 50Hz) and reduction to a desirable percentage in the next few cycles. 3) Capable of repeated operations for multiple faults in a short period of time 4) Automatic recovery of the FCL to pre-fault state without human intervention 5) No impact on voltage and angle stability 6) Ability to work up to the distribution voltage level class 7) No impact on the normal operation of relays and circuit breakers 8) Finally, small-size device that is relatively portable, lightweight and maintenance free
HIGH TEMPERATURE SUPERCONDUCTOR FAULT CURRENT LIMITERS (HTSFCL)
Superconductor based fault current limiters can be configured in one of the two ways: If the superconductor is inserted in series with the circuit, then it is the resistive type. If the superconducting short circuited secondary coil is magnetically coupled to the primary winding which is placed in series with the circuit, it is known as reactive type. Here the investigation carried out is based on the computer modelling of the superconductor fault current limiter and MATLAB simulation is used for the modelling. The FCL under investigation is the resistive type. The superconducting material used is Bi-2223. The Bi-2223 is preferred as the superconductor material for FCL as compared to YBCO because the change in the resistivity with increase in temperature is faster in Bi-2223. Figure 2 .2 shows the variation of resistivity with the temperature, it can be seen the increase in resistivity of Bi-2223 is faster because of increase in temperature. 
Modelling And Implementation Of Htsfcl

Matlab Simulation
In order to predict the limiting characteristics of the HTSFCL, it is implemented in the electrical system and MATLAB simulation is carried out. By solving the differential equations the current can be obtained at any point. In the simulation we apply Runge-Kutta method to solve the differential equations using time step of 0.00001s. The details can be found below which lists the complete MATLAB script. The parameters that are considered are • Thickness of the HTSFCL • Length of the HTSFCL • Specific heat capacity of the HTSFCL • Specific resistance (Resistivity) of the HTSFCL • Thermal conductivity of the HTSFCL Figure 3 .1 shows the circuit that has HTSFCL during steady state condition, where the current has nominal value of 9000*sqrt2 and temperature is constant at 77K as superconductor is submerged in the liquid Nitrogen. During normal operation the switch is open and the HTSFCL is in its superconducting state. The switch is closed (short circuit) in order to observe the working of the HTSFCL during fault. During fault the HTSFCL comes out of zero resistance state and the resistance of the superconductor rises to a high value, which results in an increase of temperature. Figure 3 .2 shows the layout of the HTSFCL. The Superconductor layer of Bi-2223 is surrounded by stainless steel layers. The function of the stainless layers is to remove the heat from the superconductor element which helps to save the superconductor element from damage due to excess heat produced during fault. (2); % Nominal Current thick_hts = 2e-3; % thickness of HTS (check this value) wth_hts = In/(0.7*jc*thick_hts); % width of HTS thick_ss = 4e-2; % thickness of stainless steel wth_ss = 2e-3; % width of stainless steel A = wth_hts*thick_hts; % Area of HTS l = 80; % length of HTS (check this value) L1 = 0.0165; % initial inductance h = 0.00001; % Runge-Kutta step size I = 0; % current at starting t = 0; % starting time TT = 77; % initial temperature of superconductor NSS = 20; % stainless steel layers NHTSC = 40; % HTS layers KSS = 8; % thermal conductivity of stainless steel KHTSC = 1; % thermal conductivity of HTS CSS = 2.34e+6; % specific heat capacity of stainless steel CHTSC = 6.35e+5; %specific heat capacity of HTS % Initialising temperature for all layers for j=1:(2*NSS+NHTSC+1) T(j) = TT; end % Layer constants % Stainless steel for j=1:NSS K(j) = KSS; % thermal conductivity C(j) = CSS; % specific heat capacity end K(NSS+1) = 0.5*(KSS+KHTSC); % thermal conductivity at interface 1 C(NSS+1) = 0.5*(CSS+CHTSC); % specific heat capacity at interface 1 % HTSC for j=NSS+2:NSS+NHTSC K(j) = KHTSC; % thermal conductivity C(j) = CHTSC; % specific heat capacity end K(NSS+NHTSC+1) = 0.5*(KSS+KHTSC); %thermal conductivity atinterface 2 C(NSS+NHTSC+1) = 0.5*(CSS+CHTSC);%specific heat capacity atinterface 2 % Stainless steel for j=NSS+NHTSC+2:2*NSS+NHTSC K(j) = KSS; % thermal conductivity C(j) = CSS; % specific heat capacity end % The following part creates E vs. J look-up tables a1 = (log(Eo/Ec))/(log((jc/jc)^(1-(1/b))*(Eo/Ec)^(1/a))); for(i=1:50) jss(i)=((i*0.1)*1.0e+7)+2.0*1e7; E(i) = (Ec)*((jss(i)/jc)^a1); end jss1=jss(50); %The Flux flow regime for(i=1:50) jss(50+i)=((i*0.05)*1.0e+8)+jss1; 
Fig3.1 Electrical Circuit with HTSFCL
E(50+i) = [(Eo)*(Ec/Eo)^(b/a)]
Design Of Htsfcl Element
As explained above, the sample used for modelling is an 110kV, 9kA system. 1) Current: The critical current density of the Superconductor is Jc. In order to have tolerance during normal operation or condition the current density should not exceed k% of the Jc. In is the value of nominal current. In this case the I p = 9000*sqrt2 is the peak current. The current Density is calculated by the dividing the current by the area it occupies (J = I/A). Here the J c = I p /A and the critical current density should not exceed k% of the J c , so the value of the area should be calculated by A= I p /(k*Jc). The value of critical current density J c is 2e+7A/m^2. Results with a different value of k are shown later in this chapter. The current density is dependent on the material used. the sample used for modelling is on an 110kV and 9kA system. Figure 3 .3 shows the typical superconductor. The area of the wire is calculated by, A= Thickness*Width. In the modelling various thicknesses are modelled and the corresponding width is calculated. The peak voltage (V peak ) of the system is given as 110000*sqrt2. This is related to the peak electric field (E peak ) and the HTSFCL length by the equation V peak = E peak *HTSFCL length. Various E peak values were used in the modelling. Results with different lengths of the superconductor are shown and analysed.The value of the electric field in the three distinguishable states; zero resistance (State 1), Transition State (State 2) and normal conductance (State 3) are obtained using the following equations, which is approximated by a power law. Figure 3 .4. The start current is zero and start time, (t) is zero. From Figure 3 .4 it can be seen that the current during normal operation is pure sinusoidal. The nominal current during normal operation is 9000*sqrt 2 A. Figure 3 .5 shows the temperature-time graph during normal operation. It can be seen that temperature remains constant at 77 K as the superconductor is cooled by liquid Nitrogen. Due to the constant temperature of the superconductor, the HTSFCL remains in the superconductor state or zero resistance state. The voltage drop across the HTSFCL during normal operation is very low (approx. zero) as it offers zero resistance in normal operation. The losses during normal operation are much less and therefore are neglected
Operation During Fault
In order to see operation of the HTSFCL during fault, the Switch S in Figure  4 .5 is closed after two cycles. The Figure 3 .6 shows the circuit during fault. Figure 3 .7 it can be seen that the current rises to a large value at 0.04 seconds, when switch S is closed. The maximum fault current becomes more than 31KA, which is more than three times the nominal value of the current. From Figure 4 .11, it can be seen that the HTSFCL takes a fraction of a second to limit the fault current. Figure 3 .8 show the change in the resistance of the superconductor during fault. Actually the exact value of the resistance of the superconductor cannot be known but from Figure 3 .9 it can be shown that there will be sharp increase in the resistance of the HTFSFCL during fault. This sharp increase in the resistance of the HTSFCL limits the fault current. As the resistance increases, the HTSFCL comes out of superconductor state, or zero resistance state, and operates in normal conductance state, offering very high resistance to the fault current. Due to the high resistance of the superconductor during fault a very large amount of heat is produced which may damage the superconductor element in the HTSFCL. In order to avoid damage of the superconductor element due to heat the stainless steel around the superconductor takes the heat from superconductor and dissipates it. Figure 3 .9 shows the rise in temperature of the superconductor layers and the surrounding stainless steel layers. The critical temperature (Tc) is 108 K in this case. When the temperature becomes greater than the critical temperature of the superconductor it switches to a high resistance state, due to which the fault current is limited to a low value, thus saving the equipment installed in the power grid or circuit. The transition state of the superconductor from superconducting state to normal state or high resistance state depends on heating of the superconductor. If the fault current is very high superconductor element heated up very fast. This causes the temperature of the superconductor to become more than the critical temperature so it operates in a high resistance state. Due to fast heating of the superconductor element, it very quickly switches to normal state or high resistance state. In slow heating the transition time is longer as compared to fast heating of the superconductor. During fault a large amount of fault current flows through the superconductor, resulting in heating of the superconductor element and which may result in formation of the hot spot, thus damages the superconductor. It is desirable that the heat generated in the superconductor during fault should be absorbed by the stainless steel layers around it, thus protecting the superconductor from damage. The behaviour of the HTSFCL is largely determined by its length and the type of material used. The shorter conductor length with fast heating no doubt saves expense on conductor material but there will be a large electric field distributed over the superconductor resulting in overheating. In a few hundred microseconds the HTSFCL enters the normal conductance zone or high resistance state. In this case there will be quite slow recovery of the superconducting state. More over there will be severe over voltages along with current reduction, caused by the rapid transition to normal conduction state. In order to reduce these overvoltages, a normal resistor or reactor should be used in parallel to the HTSFCL. Below some results are shown for changing the length of the superconductor. Below some results are shown for changing the length of the superconductor. From table 3 .1 it can be observed that with a smaller length of the superconductor a strong electric field is developed and also a large fault current flow in the model. As explained earlier with a short length of the superconductor a large amount of heat is produced and which may damage the superconductor. In Figure 3 .10 (b) the blue line (T 70) shows the temperature of a superconductor at length 70m, it can be observed that as the length of the conductor is increased, there is decrease in the electrical field which results in decrease in the fault current and also temperature of the superconductor. Now we will change the thickness of the superconductor and will see its effect on the operation of the HTSFCL. Table 3 .2 shows the values of the fault current and temperature when the thickness of the superconductor is increased to 0.009m. If we compare the table 3.2 with table 3.1 it can be seen that the rise in temperature of same length is greater when the thickness of the superconductor is increased. The heat produced during fault is dissipated much faster if the thickness is less. Figure 3 .11(a) shows the current waveforms corresponding to different length of the superconductor when the thickness is 0.009m. It is observed that the fault current is a little bit more in Figure 3 .11(a) as compared with Figure 3 .10(a). Figure 3 .11(b) shows the change in the temperature of the superconductor corresponding to the change in length of the superconductor. The thickness of the conductor in this case is 0.009m, where it is 0.002m in Figure 3 .10 (b). It can be seen that with an increase in the thickness of the superconductor the temperature also increases more than when the thickness is 0.002m. In Figures 3.10 (a) and 3.11(a) the blue line (I 70) is the current corresponding to 70m length of the Superconductor and the red line is the fault current corresponding to superconductor length 100m. It can be observed also that as the length is increased the fault current is reduced closer to its nominal value . It can be seen that as the length of the superconductor is increased the temperature is decreased. As explained earlier too short length of the superconductor is not suitable as it will damage the superconductor element in the HTSFCL due to large amount of heat is produced during fault. If very long superconductor is used, the amount of electric field to which it is exposed is very less and as the field varies in direct proportion with the voltage and inversely with the conductor length, which results in the critical current density to exceed only slightly and will stay within the outer boundary of the transition region. The conductor warms up slowly due to its length, causing high AC losses, which will result in heavier demand of the cooling system. Also due to the length of the conductor, the temperature is constant and the limiter does not heat up, so the device can be brought back into operation as soon as the breaker is closed. For a long conductor a large amount of superconductor is needed, results in additional cost. The other drawback of using a long conductor is that it takes a long time to return from its normal state to its superconducting state. If a superconductor of intermediate length is used the electric field during fault will be high but still less than the electrical field imposed on a conductor of a very short length. In this case the current density rises to greater value during fault than it rises to in the case of a long conductor, although remains inside the transition region. The power dissipated will be higher in this case than in the case of a longer conductor, so the conductor will heat up and after a few tens of milliseconds it will pass the outer transition boundary and enter the normal conducting region. As explained earlier, to keep a tolerance during normal operation the current density J should not exceed k% of Jc. The value of k was 0.8 for the above results, now we will change the value of k to 0.7 or 70% of Jc. The results for k=0.7 are reported and the change in the fault current and temperature is observed.
IV. Conclusions
From the MATLAB simulation it is clear that the HTSFCLs are an effective technique for limiting the potentially damaging effects of the fault current on the equipment installed in the power systems. HTSFCLs are the most common uses of the superconductors and they are increasingly being used in electrical applications. As the MATLAB simulation uses simple circuit, the general principles are applicable in real world circuits. Results with different lengths of the superconductor are reported.
It is observed that a superconductor of intermediate length is used. The length depends on the level of fault current to be interrupted. In order to apply some tolerance k=0.8 is used. The superconductor is cooled by liquid Nitrogen; as good and reliable cooling system is required in order to have efficient operation of the HTSFCL.Thickness of 0.002m is used because the temperature rise is less and heat from the superconductor can be easily removed during fault. The Superconductor element is surrounded by stainless steel in order to remove heat from the superconductor element during fault and avoid any damage to the superconductor. The detail of the MATLAB script used is shown above.
